A number of previous studies have extensively investigated directional anisotropy in motion perception. However, consensus has not been reached regarding the nature of motion directional anisotropies in human vision. In this study, we investigated the directional anisotropy of human motion perception by moving random-dot stimuli in the peripheral upper visual field. Our findings show that the degree of directional anisotropy depends on the stimulus speed. Furthermore, the high and low speed conditions have preferred directions that are opposite. This may reflect differences in the directional information among temporal frequencies in natural scenes. These differences are thought to have crucial roles in the detection of motion direction.
Introduction
Although it has been reported that motion processing mechanisms are directionally isotropic in response to random-dot stimuli (Levinson & Sekuler, 1975) or motion aftereffects (Mather, 1980) , there is extensive evidence supporting significant direction anisotropy for centripetally or centrifugally moving stimuli. Some studies have reported that motion aftereffects are greater after adaptation to centripetal motion than to centrifugal motion, indicating a bias (Bakan & Mizusawa, 1963; Scott, Lavender, McWhirt, & Powell, 1966) . Studies in which sensitivity to random-dot kinematograms was measured also reported a centripetal directional bias in the motion detection threshold (Edwards & Badcock, 1993; Raymond, 1994) , although Raymond (1994) reported that this bias was not observed in the upper visual field.
In fact, there is an abundance of reports remarking on centripetal bias in motion sensitivity. A study simultaneously applying transcranial magnetic stimulation (TMS) on the human middle temporal are (MT+) and measuring motion perception with random-dot kinematograms reported that the perception of centripetally moving stimuli was less affected by TMS stimulation than the perception of centrifugally moving stimuli (Beckers & Homberg, 1992) . Studies on smooth pursuit responses to moving stimuli have also provided evidence for motion perception having a centripetal bias (Lisberger & Westbrook, 1985; Tychsen & Lisberger, 1986) . A magnetoencephalography (MEG) study reported that human MT+ was more strongly activated by a centripetal apparent motion stimulus than by a centrifugal one (Naito, Kaneoke, Osaka, & Kakigi, 2000) , although, interestingly, centripetal directional bias was observed only in the upper visual field. A more recent fMRI study reported that in human V1, V2, and V3, the blood oxygenation level-dependent (BOLD) signal exhibited centripetal bias to random-dot motion stimuli presented along horizontal, oblique, and vertical meridians, while a directional bias for the BOLD signal was not observed at the MT+ (Raemaekers, Lankheet, Moorman, Kourtzi, & van Wezel, 2009) .
Conversely, a number of reports support a centrifugal bias. Studies with coherent random-dot stimuli (Ball & Sekuler, 1980) and short-range apparent motions (Ohtani & Ejima, 1997) reported centrifugal directional anisotropy in human motion perception. Ball and Sekuler (1980) reported that no anisotropy was found for motion along the vertical axis, while Ohtani and Ejima (1997) reported the existence of a centrifugal bias along the vertical axis, especially in the lower visual field.
Further support for a centrifugal bias can be found in a physiological study of direction selective neurons in the middle temporal (MT) area of macaque (Albright, 1989) . In that study, for neurons with receptive-field centers located in the peripheral visual field, the preferred direction of the neurons were more likely to be centrifugal than centripetal. More recently, an optical imaging study in cat area 18 also reported a downward motion bias in the lower visual field corresponding to centrifugal bias (Ribot, Tanaka, O'Hashi, & Ajima, 2008) .
In summary, despite extensive evidence supporting the existence of directional anisotropy in motion perception, there is 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.06.007 conflicting evidence supporting both centripetal and centrifugal bias, suggesting that directional anisotropy is strongly dependent on the stimulus used. Different biases for different stimuli suggest that the visual system does not exhibit a fixed bias, but will vary the directional anisotropy depending on certain stimulus parameters even when the stimulus is presented at the same retinal position.
This leads to asking just what stimulus parameters strongly influence direction anisotropy. One possible candidate is the speed of motion. Electrophysiological studies on the macaque visual cortex reported that the majority of direction-selective V1 (Orban, Kennedy, & Bullier, 1986) and MT neurons (Lagae, Raiguel, & Orban, 1993) varied their direction selectivity with changing stimulus speed. Therefore, it is reasonable to assume that stimuli of different speeds may cause the different directional anisotropies results.
Another question is whether human motion perception exhibits a directional bias in the upper visual field, as there exists a common discrepancy between psychophysical studies and human brain imaging studies. In psychophysical studies, it is often reported that there exists no or a very weak directional bias in the upper visual field. In contrast, MEG and fMRI studies show there exists rather strong directional anisotropy in the upper visual field.
In this study, we investigated the effect of stimulus speed on the directional anisotropy of human motion perception using moving random-dot stimuli in the upper visual field. We found intensive directional anisotropy in the upper visual field under very low and very high speed conditions and that the degree of the directional anisotropy and its preferred direction varied with stimulus speed.
Experiment 1
In Exp. 1, in order to investigate the presence or absence of a directional bias in motion perception in the upper visual field, we measured the motion detection threshold at two speeds and two directions of moving random-dot stimuli.
Methods

Participants
Eight naïve volunteers and one of the authors participated in the experiment (N = 9; mean age = 24.9 ± 2.7SD). All had a normal or corrected-to-normal visual acuity (P1.0). Each participant gave informed consent to participate in the experiment.
Apparatus and stimuli
Random-dot stimuli were generated by a visual stimulus generator (VSG2/3; Cambridge Research Systems, Rochester, UK) and controlled by custom-made C++ software. Mean luminance of the background screen was 0.1 cd/m 2 . Participants binocularly viewed a display (CPDG500J; Sony, Tokyo, Japan; refresh rate, 100 Hz; screen size, 40°Â 30°) placed 57 cm in front of them. 1000 randomly positioned dots (size of 0.125°Â 0.125°; luminance = 40 cd/m 2 ) were presented within an invisible aperture 10°in diameter and a center 10°above the fixation point on the screen. A chin rest and forehead restrainer was used to stabilize head position.
Procedure
Participants were required to discriminate whether coherent motion or incoherent motion was presented by pressing one of two buttons. A single experimental block contained 100 trials (70 coherent and 30 incoherent motion trials). When participants initiated a new trial by pressing a button, 1000 static random-dots were presented for 1 s after a short blank, which ranged between 0.5 and 1 s (stepwise 100 ms randomly selected by PC). Then, each dot moved and changed its direction every frame randomly (incoherent motion) for 500 ms. For coherent trials, a fraction of the dots moved coherently in a particular direction (up or down) for another 500 ms, giving a mix of randomly moving and coherently moving dots (Fig. 1A) . In incoherent trials, dots continued their random movement for another 500 ms (Fig. 1B) . Dots had infinite lifetimes and were wrapped around to the opposite side of the stimulus field upon moving outside the frame boundaries so as to keep the dot density constant. During a block, all dots moved with the same speed. The moving direction of the coherent motion was identical. This procedure is similar to that previously adopted for a MEG study (Lam et al., 2000) .
When a participant detected coherent motion correctly, the following coherency always underwent a 1% decrease; when a participant made an error, the coherency was either increased by 1% (one-third of the following trials) or was unchanged (for the remaining two-thirds). This staircase method was adopted to avoid floor effect at very low and high speeds, and also to avoid ceiling effect at optimal speed. Responses to incoherent motions did not affect the percentage of coherency of subsequent coherent motions. Incoherent motion was consecutively presented no more than four times. When participants made three incorrect responses to incoherent motion, the block was abandoned and retried later. Only one block was abandoned according to this criterion. Throughout the experiment, there were no feedback signals. The initial coherent percentage was set well above the threshold of each participant. To determine the adequate initial coherency for each condition, all participants took part in practice trials before their respective experiments. Throughout each trial, subjects were instructed to keep looking at the continuously presented fixation point. Thousand dots were presented within an invisible circular aperture 10°in diameter in the upper visual field with the center 10°from the fixation point. A: Coherent motion trial. Static random-dots were presented for 1 s followed by incoherent moving random-dots for another 500 ms. Dots then moved coherently either upward or downward for another 500 ms. Filled circles indicate dots coherently moving, open circles indicate dots incoherently moving. B: Incoherent motion condition. Static random-dots were presented for 1 s followed by incoherent motion for another 1 s. Fig. 2 illustrates how to calculate the threshold for detecting coherent motion from incoherent motion. Because all participants reached around the threshold of coherency within the first 50 coherent motion trials under almost all conditions, we quantitatively measured the threshold by averaging coherencies during the last 20 (from 51 to 70) coherent motion trials (gray area in Fig. 2) . To determine the threshold for each condition (two speeds: 2 and 6 deg/s Â two directions: up and down), thresholds were measured three times for each condition in a randomly arranged order for each participant. For each condition, the mean of the three measured thresholds of coherency was adopted as the detection threshold of the participants.
Results
We measured the threshold of % coherency of moving dots for detecting coherent motion. Fig. 3 illustrates the mean threshold of coherency from nine participants for each condition. At 2 deg/ s, the mean threshold of coherency for upward and downward motion was 25.8 ± 4.0% and 31.0 ± 4.1% (mean ± SD), respectively. At 6 deg/s, those values were 12.3 ± 2.7% and 14.5 ± 5.3%, respectively. Statistical analysis (repeated two-way ANOVA) demonstrated that there were significant main effects of speed (F (1,8) = 52.27, p < 0.0001) , motion direction effect (F (1,8) = 9.51, p < 0.02), and an significant interaction between the two (F (1,8) = 7.77, p < 0.03). Post-hoc analysis (sequentially rejective Bonferroni) demonstrated that the difference in the threshold coherency between motion directions was only significant for the 2 deg/s condition (F (1,8) = 24.56, p < 0.002).
Although, we observed centrifugal directional bias at 2 deg/s, the directional anisotropy was not significant at 6 deg/s suggesting that not only the threshold of coherency but also the directional anisotropy of motion sensitivity was dependent on the stimulus speed. Although we only observed a weak centrifugal directional anisotropy in the upper visual field, the results suggested that at speeds less than 2 deg/s the directional anisotropy may be more prominent.
Experiment 2
In Exp. 1, we found that the directional anisotropy of motion perception was stimulus speed dependent. However, because of the conditions, we only observed weak directional anisotropy in the upper visual field. To investigate directional anisotropy in the upper visual field in more detail in Exp. 2, we measured the motion detection threshold under eight speed conditions.
Methods
Participants
Four participants participated in Exp. 2 (mean age were 27.7 ± 0.5SD). Two of these subjects had participated in Exp. 1. All had a normal or corrected-to-normal visual acuity (P1.0). Each subject gave informed consent to participate in the experiment.
Apparatus and stimuli
Apparatus and stimuli were the same as in Exp. 1.
Procedure
Details of the procedure are the same as in Exp. 1. In Exp. 2, eight speed conditions (1, 2, 4, 6, 8, 14, 20 , and 30 deg/s) and two motion directions (up and down) were used. For each participant, 128 blocks (two directions Â eight speeds Â eight times) were presented. Participants took a rest freely between blocks. Within a single day, the number of blocks was limited to six. In Exp. 2, in accordance with our three false positives criterion, no blocks were abandoned. Fig. 4 illustrates the tuning curves for threshold of coherency against motion speed for all subjects. Each data point represents the mean of threshold coherency for a particular direction and speed. Over the range of speeds tested, the data conformed to a U-shaped curve, with maximum sensitivity between 4 and 14 deg/s for both direction conditions. All participants exhibited higher sensitivity to upward motion at low speed conditions (1-4 deg/s) and downward motion at high speed conditions (20-30 deg/s). Two-way ANOVA was used to see the main and interaction effects. For all participants, a significant interaction between motion speed and direction was observed. Then, post-hoc analysis (sequentially rejective Bonferroni; significant level, p < 0.05) was used to analyze the effect of stimulus direction on the threshold at each speed.
Results
Participant EM showed significant centrifugal directional anisotropy at 1 and 2 deg/s and significant centripetal directional anisotropy at 20 and 30 deg/s (Fig. 4, top-left) . Participant TN exhibited significant centrifugal directional anisotropy at 1 deg/s and significant centripetal directional anisotropy at 30 deg/s (bottom-left). Participant SI exhibited significant centrifugal directional anisotropy at 1 deg/s and significant centripetal directional anisotropy at 20 and 30 deg/s (top-right). Participant UO exhibited significant centrifugal directional anisotropy at 1 and 2 deg/s and significant centripetal directional anisotropy at 30 deg/s (bottomright).
Our findings show that there are two alternative directional anisotropies in the upper peripheral visual field. At the lowest speed (1 deg/s), all participants exhibited significant centrifugal directional anisotropy. At 2 deg/s speed, two of them exhibited significant centrifugal directional anisotropy (p < 0.05), while the others exhibited marginal centrifugal directional anisotropy (p < 0.1). At an intermediate speed (6-14 deg/s), no participants showed significant directional anisotropy. These results are consistent with the findings in Exp. 1. In contrast, at the highest speed (30 deg/s), all participants exhibited significant centripetal directional anisotropy.
Again, the results in Exp. 2 show that the directional anisotropy of human motion perception is stimulus speed dependent. As the speed of the stimulus movement decreased or increased, the directional anisotropy became more prominent. We also found that the preferred directions of directional anisotropy were opposite at low and high speed conditions. At low speed, definitive centrifugal directional anisotropy was observed, while at high speed, obvious centripetal directional anisotropy was observed in the peripheral upper visual field.
Discussion
There is still controversy regarding the nature of directional anisotropy in human motion perception. One important problem is that even at the same visual field, there is disagreement not only on the existence or absence of directional anisotropy, but also its preferred direction. The present study provides a potential solution to this problem. Our findings show that both the degree of directional anisotropy and its preferred direction varied as stimulus speed changed. Therefore, different results from previous studies may have been caused by different stimulus speeds.
For example, Ohtani and Ejima (1997) used short-range apparent motion stimuli corresponding to a moving stimulus at a relatively slow speed (approximately 3.0 deg/s), which can be calculated as speed = Dx/(stimulus-on time + inter-stimulus interval) (Kolers, 1972) . For short-range apparent motion, it is known that perceived speed is faster than the speed calculated from the position interval and inter-frame interval, the so-called speed-up effect. However, it also has been reported that the speed-up effect is abolished or extremely weakened when stimulus-on time is increased or when the staircase motion (inter-frame interval = 0) is used (Castet, 1995) . Because Ohtani and Ejima (1997) used a long stimulus-on duration (250 ms) and the staircase motion, perceived speed for their short apparent motion probably was very similar to the calculated one, approximately 3.0 deg/s. They observed weak centrifugal anisotropy in the upper visual field, while previous studies that used 4.2-8.0 deg/s speed motion stimuli reported no significant motion anisotropy between centrifugal and centripetal motion there (Ball & Sekuler, 1980; Edwards & Badcock, 1993; Raymond, 1994) . In contrast, we reported centripetal directional bias in the amplitude of the MEG component, which may reflect human MT+ activity in response to the stimulus presented in the upper visual field using long-range apparent motion stimulus that corresponds to a relatively high speed (375 deg/ s) moving stimulus. The difference in these reports is reasonably explained by the stimulus speed-dependent directional anisotropy observed in the present study.
Even when using stimuli with the same parameters, the existence of directional anisotropy was dependent on the retinal position of the stimulus (Ball & Sekuler, 1980; Naito et al., 2000; Raymond, 1994) . Our results show that at intermediate speeds (4-14 deg/s), there was little directional anisotropy in the upper peripheral visual field. This corresponds well with the findings of Raymond (1994) , who used a stimulus similar to ours, 5 deg/s speed random-dot motion, and reported that the motion perception is directionally isotropic in the upper visual field, while there are significant centripetal directional biases at the left, right, and lower visual fields. This finding suggests that stimulus moving speeds that elicit significant directional anisotropies are different among visual fields.
The mechanisms for generating directional anisotropy and its functional significance remain unclear. Several researchers have suggested that directional anisotropy originates from the directional bias of optical flow due to forward locomotion. That is, directional anisotropy might be the result of humans having more experience with centrifugal motion due to our predominance for forward locomotion. Scott et al. (1966) observed centripetal directional anisotropy and suggested that the habituation process results in desensitization to centrifugal motion. In contrast, Ohtani and Ejima (1997) observed centrifugal directional anisotropy and suggested that humans see downward motion more frequently than upward motion in the lower visual field due to the dominance of forward locomotion, resulting in centrifugal directional anisotropy. However, bimodal speed-dependent directional anisotropy observed in the present study suggests that directional anisotropy might not be explained simply by a bias in the direction of optical flow due to the predominance of forward locomotion.
Despite the centrifugal bias in optical flow, it has also been suggested that due to gravity, humans will see objects that are moving downward (corresponding to centripetal motion in the upper visual field) more often than those moving upward (corresponding to centrifugal motion in the upper visual field) . Therefore, one possible explanation for the stimulusspeed-dependent directional anisotropy in the upper visual field is that the directional anisotropy of human motion perception originates from a difference in dominant directional information among different temporal frequencies in a natural scene. That is to say, centrifugal bias of optical flow might be dominant at the low temporal frequencies of a retinal image, while the downward bias of moving objects might be observed mainly in the high temporal frequencies of a retinal image, although to our knowledge there has been no systematic research on the spatio-temporal properties of directional information in natural images.
Finally, the predominance of upright standing and forward movement in human locomotion might also cause a bias in the dominant direction of visual motion according to the position in the visual field. Therefore, it is reasonable to infer that the predominance of visual motion direction depends both on the temporal frequencies of the retinal image and position in the visual fields.
